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Abstract: In this work, the titanium oxide nanodots arrays formation was carried out. A current-
voltage characteristics study of nanodots showed that the resulting structure switches between high 
resistance and low resistance states. Additionally, we performed a numerical simulation of the for-
mation of oxide nanodots obtained by the local anodic oxidation method, the results of which 
showed that the TiO2 phase dominates on the formed oxide surface. As the oxide goes deeper into 
the bulk, the Ti2O3 and TiO phases appear and the TiO phase prevails near the metal/oxide interface. 
To confirm the simulation results, the titanium oxide nanodots phase composition was studied by 
the XPS method, which confirmed the theoretical results. 

Keywords: nanotechnology; scanning probe microscopy; local anodic oxidation; titanium oxide 
nanostructures; nanodots; effect of resistive switching 
 

1. Introduction 
The increase in the modern electronics productivity is limited by the CMOS structure 

minimum size [1–3]. Furthermore, miniaturization is impossible due to an increased leak-
age power consumption, reduced reliability and a more complex fabrication process. 
Therefore, increasingly attention is paid to the development and research of new nanoe-
lectronic elements with small characterizing dimensions, as well as high performance and 
speed. The recently discovered resistive switching effect has led to the development of 
memristor switching between high (HRS) and low (LRS) resistance states [4,5]. Such struc-
tures can be used both in memory elements and in logical computation operations. In 
addition, there is an idea of computation-in-memory architecture that combines the func-
tions of computing and data storage in one integrated circuit [6]. 

An analysis of the literature has shown that titanium oxide nanostructures are most 
preferable when creating memristors with good characteristics in terms of speed and en-
ergy efficiency, while the best characteristics are achieved when a nonuniform stoichio-
metric composition of titanium oxide is formed [7,8]. The method of local anodic oxida-
tion is the most promising for the creation of memristors based on titanium oxide since 
the resulting structures exhibit a forming-free memristor effect and can be used to create 
memory elements or perform logical operations [9,10]. 

Therefore, the actual task and goal of this work is the experimental and theoretical 
study of the formation and resistive switching dependencies of titanium oxide nanodots 
obtained by the method of local anodic oxidation (LAO). 
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2. Methods 
For scientific research, we used a 20 nm thick titanium film obtained by magnetron 

sputtering on the surface of a Si/SiO2 substrate. Using a scanning probe microscope Solver 
P47 Pro (NT-MDT, Russia), oxide nanodots (OND) were formed by the LAO method by 
applying voltage pulses between the probe and the titanium film. 

A numerical model of the formation of OND was also developed, which made it pos-
sible to calculate the nanodot profile at the given local anodic oxidation parameters. In 
addition, this model makes it possible to calculate the distribution of titanium oxide 
phases in the obtained nanodot volume. 

To confirm the obtained oxide phases distribution theoretical results, an XPS analysis 
of a titanium oxide nanodots array with depth etching was carried out by using a com-
bined spectrometer for quantitative imaging and surface analysis of ESCALAB 250 
(Thermo Scientific, Waltham, MA, USA) with monochromatizating of X-ray AlKα-line. 

The current–voltage characteristics were studied in the mode of current spectroscopy 
of a scanning probe microscope in the contact mode. 

3. Results and Discussion 
In the LAO technological parameters influence studies on the OND geometric pa-

rameters, titanium oxide nanodots arrays were formed, as well as numerical simulation 
of geometric dimensions (Figure 1). It was shown that the theoretical results are in good 
agreement with the experimental study results; an increase in the voltage pulse amplitude 
and air humidity in the technological chamber leads to an increase in the OND height and 
diameter. This is explained by the increase in the ions number formed due to the decom-
position of water molecules in the gap between the probe and the OND surface. 

 
(a) 

 
(b) 

Figure 1. Experimental (points) and theoretical (lines) OND height (a) and diameter (b) dependence on the applied voltage 
pulse amplitude at a relative humidity level of 1–90%, 2–70% and 3–50%. 

In addition, the obtained model makes it possible to calculate the titanium oxide 
phases distribution in the formed oxide volume (Figure 2). It was shown that the TiO, 
Ti2O3 and TiO2 phases can be formed in the LAO process. Moreover, near the nanodot 
surface, the TiO2 phase predominates; as one moves deeper into the oxide, the fraction of 
the TiO2 phase decreases and the fraction of the Ti2O3 and TiO phases increases. The TiO 
phase predominates near the oxidized metal surface. These dependences are explained by 
the fact that during LAO oxidizer ions move in an external electric field through the oxide 
volume to the metal surface. In this case, the oxygen concentration is highest near the 
oxide surface, the TiO2 phase is formed and near the surface of the metal, the oxygen ions 
concentration is the lowest and the TiO phase is formed. 
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Figure 2. Titanium oxide phases distribution in the nanodot volume by numerical model. 

To confirm the obtained experimental results, a titanium oxide nanodots array XPS 
was carried out (Figure 3), which showed good correlation with the obtained theoretical 
results. 

 
Figure 3. Titanium oxide phases distribution in the nanodot volume by XPS. 

The current-voltage characteristics study of the OND showed that they exhibit a 
memristor effect and switch between the HRS state (140 GΩ) and the LRS state (1.7 GΩ) 
(Figure 4) without additional forming operation. 
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Figure 4. Titanium oxide nanodots current-voltage characteristics. 

4. Conclusions 
Thus, in this work, titanium oxide nanodots formation theoretical and experimental 

studies by the local anodic oxidation method and phase composition were carried out. 
The electrical characteristics study showed that the resulting structures exhibit a forming-
free memristor effect. The results can be used in the development of technological pro-
cesses for the formation of elements of nanoelectronics, as well as elements of resistive 
memory based on oxide nanoscale structures. 
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